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I. INTRODUCTION

The work reported here is a part of a research project, funded by the
Federal Emergency Managment Agency (FEMA), Interagency Agreement No. E"W-1-
0699, to upgrade existing shelters in both the key worker and host are is. lte
objective of this study is to determine closures suitable for shelter in these
areas. The ultimate failure of the closures was to be found from loading
tests in the BRL 2.44 m blast simulator. Data are given for solid wood beam
panels with plywood skins, steel grating/plywood closures, and commercial

steel doors.

II. EXPFRIMENT

A solid core closure was constructed of wood beams (44-2 x 4's on edge)
with 1.27 cm plywood skins nailed to the fbeams. A second type of closure was
constructed from commercial steel grating covered on the upstream side with
plywood to prevent air leakage. Commercial steel doors were tested as a third

* type of closure. All were supported loosely. Pressure-time loading aud
displacement histories were measured for each test as a function of the input
blast overpressure level. High-speed photography (1000 pps) recorded the
breakout of the closures. Average debris velocities were calculated for
breakouLt fragments.

III. RESULTS AND CONCLUSIONS

Loading-time and deflection-time plots for the closures tested are shown
in the body of the report. The blast loads needed for each closure to reach
ultimate failure (blowout) were found to be about four times the calculated
allowable static load for the wood beam closure, about seven times the
published safe load for the steel grating/plywood closure, and about one and
,cne-half times the calculated allowable static load on steel doors assuming
they respond like a panel. All dead weight load from the closures' weight was
Ignored since they were tested in an upright, wall position.
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1. INTRODUCTION

The results reported here are from a study conducted at the Bailistic

Research Laboratory (BRL) and funded by the Federal Emergency Management

Agency (FEMA), Interagency Agreement No. EMW-E-0699. The purpose of the
present work is to test a variety of expedient closures suitable for use on

both host and risk area shelters. The closures are to be used to seal
openings from small pipe vent size to entrance-type such as would be needtid
for underground shelters.

WPrevios work at the BRL1-3 sponsored by FEMA has verified design
procedures indicating that plywood and plywood stressed-skin panels are

satisfactory expedient closures for low presure (13.8 kPa, 2 psi) host
areas. They are also effective closures for small, vent-type openings, in the
risk area (345 kPa, 50 psi) with suitable supporting fixtures. The need,
therefore, is to design and test closures for the higher pressure risk area

: Afor entryway-size openings.

Accordingly, three types of closures were prepared for testing at the BRL
2.44 m (8 ft) Shock Tube Facility: wood beams with plywood skins, steel
grating with a plywood cover, and a commercial steel door selected from the
last set of tests (Reference 3). The test procedure is described in the next
section.

II. TEST PROCEDURE

Details of the closures and recording instrumentation are briefly
described in this section.

* A. Test Fixture

The test fixture consisted of a flange assembly b~1ted to the downstream

end of the test section of the BRL 2.44 m shock tube. A rectangular opening,

F
1 George A. Coulter, "Debris Hazard from Blast Loaded Plywood Sheet

Closures," Memorandum Report ARBRL-MR-02917, Ballistic Research Laboratory,
March 1979 (AD A071460).
George A. Coulter, "Blast Loading of Construction Materials and Closure
Designs," Memorandum Report ARBRL-MR-02947, Ballistic Research Laboratory,

August 1979 (AD A077116).
George A. Coulter, "Blast Loading of Wall Panels and Commercial Closures,"
Memorandum Report ARBRL-MR-03154, Ballistic Research Laboratory, February

4 1982 (AD B063574L).
I.L. Murphy, "Upgrading Basements for Combined Nuclear Effects:
Predesigned Expedient Options II," SRI Project 6876 Technical Report, July

1980.
Brian P. Bertrand, "BRL Dual Shock Tube Facility," Ballistic Research

Laboratory Memorandum Report 2001, August 1969 (AD 693264).
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1.219 x 1.676 m (4 x 5.5 ft), in the end flange allowed the closures to be
loaded by reflected pressure from the wave produced in the shock tube.
Ultimate failure was defined as a broken out closure or a closure pushed
through the flange opening. The grating and door closures were mounted
loosely on all four sides. The wood beam was mounted loosely at each side
only. Figure 1 shows the test fixture used.

B. Closures

Sketches of the closures are shown in Figures 2-4. All tests were
conducted with the closures mounted in the vertical position. Wooden frames
were used to mask each of the closures to give a smooth wall effect for the
test. The clearance of about 0.5 cm that separated the closure from the frame
was covered with strips of rubber, with a loose edge left on the closure side.

The beam closure shown in Figure 2 was made of 2.81 x 8.89 cm (2 x 4's)
joists on edge, sandwiched and nailed, between sheets of 1.27 cm thick
plywood. The short ends were supported with a length of 7.62 cm during the
tests of this closure. As noted on the sketch, the face grain of the plywood
sheets ran in the direction of the 2 x 4's to give the greatest strength.

Figure 3 shows a sketch of ordinary steel grating, covered on one side
with plywood (0.635 or 1.27 cm) to con-.ain the blast pressure. The grating
normally is sold in a standard width if 0.91 m, so two widths were attached to

K cover the end flange opening of 1.219 x 1.676 m. Grating was supported 7.12
cm on all sides.

The third closure tested is shown in the sketch, Figure 4. It is the
strongest of a set of commercial doors tested before (Reference 3) for FEMA.

The doors were full-flush steel, no cutouts, and had internal bracing with a

filler of rock wool for Insulation. See Figure 4 for supported areas on each

All closures were tested to ultimate failure where major portions (or all
of the closure) were blown from the end flange.

C. Instrumentation

The blast pressure load applied to the closure was measured at a point on
the wooden masking frame 11.43 cm from the long edge of the flange opening.
The transducer was approximately centered vertically along the height of the
frame. The output from the transducer (PCB Model 113A24) was suitably ampli-
fied and recorded by an FM CEC 3300 tape recorder. Records were available

4 for a quick-look from an on-site oiscillograph to determine necessary record-
ing changes for the next test.

The displacement of the closure wa 9 tracked with an OPTRON Mbdel 501
Electro Optical Displacement Fjllower. A light cardboard target, painted

6 Model 501 Optical Displacement Follower," OPTRON, Division of University
Techniques Inc., 30 Hazel Terrace, Woodbridge, CT 06525.
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black, was at tached with an 1. U..i 1 P t r Ite Ie,- r, The
black target was trackeA agaI nt i white backr .nd by t:
follower during tht tes!ts. The ! .tOCIIl t rie i n3 t m , . , , 'erttLd

-, to an electron image in which the e.. tro , i-nsit,, wa pro;.ort -i t , the
corresponding lIght from the targLr. "'he e1ectrical oVt';t I.,, wa s
recorded by the tape macine. 'Ie data icdu, tiou p:, '.sI MC AS or

the pressure data. See Fgure 5.

The instrumentation on tie closure wn suppl c ,nt. U ", I h Lg.-speed camera
(Red Lakes HYCAM) opera t ing at 1000 pictures pet second (ppzs. lie camera was

used to record any breakout of a foiled closure. it was a scF used to
supplement the displacement follower whcoe tht- follower -%-r ranged.

11!. RESULTS

The results are presented in three parts: data tables, loading and
deflection records, and high-speed photographs.

A. Data Tables

The shot number, closure type, ambient pressure, and ambient temperature
are listed in Table 1. The shot results such as loading pressure, transient

deflection, permanent deflection, vibration frequency, and damage to the
closures are listed in Table 2.

The wood beam/plywood closures (Shots 8-82-23 to 8-82-27) were tested
through 4 range of loading pressures from 173 kPa (25.1 psi) to 300 kPa (43.5

psi). Slight damage to the downstream plywood skin by budging occurred at the
low end of loading range. At 300 kPa (43.5 psi), the closure was in place and
effectLve although the downstream plywood skin was broken. Two frequencies of
,ibratlon were measured for the wood closure: an initial higher one of 102-
121 HZ and a lower secondary one of 16-20 Hz. Under higher loads approaching
,ilmate failure (breakout), these vibrations tend to damp out.

'he loading range for the steel grating (Shots 8-82-28 to 8-82-31) varied
from 131 kPa (19.0 psi) to 215 kPa (31.2 psi). The blast from Shot 8-82-28

.* caused the two parts of the grating (and 0.635 cm plywood sheets) to separate
at the center line. No fasteners were used on this shot to hold the two
gratings together. The flat rubber seal was blown through between the two
gratings to allow the blast wave to blow through. Four 1.27 cm diameter U-
bolts were then used on Shot 8-82-29 to fasten the two pieces of grating
together. The grating remained together at a blast load of 174 kPa (25.2 psi)

* but some of the cross bars near the center were pulled partially loose from

the bearing bars. The loading was increased to 215 kPi (31.2 psi) which blew
the closure completely out of the shock tube. Th2 pressure was decreased and
the inside cover sheet was changed to 1.27 cm thick. 11he grain of the face

plies of the plywood cover sheet was changed to a vertical (across the bearing
bars) direction so the seam would not be in the middle. This grating/plywood

* closure operated successfully at 192 kPa (27.8 psi).

17
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TABLE 1. AMBIENT TEST CONDITIONS

6 Ambient Ambient

Shot Type Closure Pressure Temperature Date
kPa "C

8-82-23 Wood Beam/ 101.9 31.7 May 11, 1982

Plywood (PSSP)

8-82-24 44-2 x 4's on 102.0 27.8 May 13, 1982
8-82-25 edge w/two 102.2 25.6 May 18, 1982
8-82-26 1.27 cm skins. 101.5 28.3 May 20, 1982
8-82-27 Supported on 102.0 19.4 May 24, 1982

long edges.

8-82-28 Grating w/0.62 cm 101.6 39.4 May 26, 1982
plywood skin.

8-82-29 101.6 18.3 May 28, 1982
8-82-32 Grating w/1.27 cm 101.3 25.6 June 2, 1982

plywood skin.

8-82-31 Supported on 103.1 29.4 June 3, 1982
all edges.

8-82-32 Commercial 101.6 26.1 June 8, 1982

8-82-33 steel doors, no 101.8 21.7 June 10,1982

8-82-34 cutouts in doors. 101.8 18.9 June 14, 1982
8-82-35 Supported or, 101.8 27.8 June 15, 1982
8-82-36 all edges. 101.2 27.2 June 16, 1982

r

I
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Thie third type of closure - the steel corncurcial door -was weak ever'. wlhen
supported on all four sides. The door was completely blown out on Shot
8-82-32 at a loading pressure of 66 kPa (9.6 psi). The door behaved somewhat
inconsistently on Shots 8-82-34 and 8-82-36. The last shot may have been
somewhat larger (at least, during the initial rise) but the door served well
as a closure on this shot. During Shot 8-82-34, however, the door was bent
badly and did not close the flange area against the blast wave during the
shot. A possible explanation is that the face sheets were not spot welded
equally well in the two cases. All cases considered, the commercial doors
failed at loads lower than either the wood panels or the grating/plywood
closures.

B. Loading and Deflection Plots

Figures 6-8 show the pressure and deflection as a function of time during
the loading period of the blast wave. The upper pressure record was, of course,
modified if the closure opened and allowed blas' leakage past the closure.
The bottom record (when available) represents the motion of the center of the
closure under load as a function of time. When the closure acted correctly,
the deflection record follows well the loading pressure. See Shot 8-82-25,
33, and 35 as examples of correct sealing - no venting. The pressur; -tine

* record modification by closure failure is illustrated by Shots 8-82-26, 30,
and 32. The rarefaction from the release of the pressure load decreases the
pressure at the transducer location to a minimum pressure at about 150 ms
measured from blast wave arrival at the closure. Shot 8-82-34 shows a
rarefaction beginning a little beyond 300 ms indicating closure failure late
in the loading cycle. The failure mode is described in Section C below, and
closktre breakout is best seen on the high-speed photographs of Section D.

C. Failure Iides

Figures 9-20 show photographs of the three types of closures tested with
the various types of failure. Figures 9-12 show the wood beam/plywood
closures. At 185 kPa (26.8 psi), Figure 9, a slight bulging occurred during
the blast loading. Failure of the plywood occurred at levels of 239-278 kPa
(34.7-40.4 psi), Figures 10 and 11, by tearing and breaking loose. Breakout
occurred at 300 kPa (43.5 psi), Figure 12, with complete failure of the bottom
half of the closure. (The remaining top half fell to the bottom.) 2 x 4's
were splintered and the plywood skins were shredded.

The failure process for the steel grating/plywood closure can be seen in
Figures 13-16. The grating was furnished by the supplier in a size such that
two sections were needed to cover the flange opening. No center fasteners
were used on Shot 8-82-28, Figure 13. Separation and blast leakage occurred
at the center with the 131 kPa (19.0 psi) loading. For the following shots,
U-bolts or bolted plates were used to fasten the grating at the center line.
This worked well with the 174 kPa (25.2 psi) and 192 kPa (27.8 psi), Figures
14 and 15, (Shots 8-82-29 and 8-82-31). The plywood front sheet (1.27 cm) was
also changed so the face grain was vertical. A better seal resulted at the
fastenings with this plywood orientation although the center deflection of the
grating was about 19 cm (7.5 in.). The 0.62 cm plywood was.I uISed 011Y Oil Shots

0 8-82-28 and 8-82-29.
21 Tx ~t~w h7TU
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The commercial steel doors began failure by separation oi the spot welded

hdownstream face sheet (Figures 17 and 18). Figure 19 illustrates the twisting

of the door that occurred at a load of 57 kPa (8.3 psi). At a load of 66 kPa
(9.6 psi) the door was thrown out of the holder 40 in from the ,id of the shock

tube. See Figure 20. "ihe failure began at the face sheet seam but final
bending occurred at about the center of the door.

D. High-Speed Photographs

The high-speed camera was set up on the south slid of the shock tube. The

field of view started at the beginning of the end flange and covered a
distance of about 2.7 m beyond the flange.

Films were obtained for Shots 8-82-30 and 8-82-32 (steel grating and door

closures) at a framing rate of 1000 pictures per second (PPS). No film was
obtained for the wood beam/plywood closure failure because of camera

malfunction. Both films show the debris hazard created by failure of the two
types of closures. Time starts just before debris exits the end flange.

* Figure 21 illustrates the kind of debris pattern created from the
shredding of the plywood cover sheet. At about 40 ms after plywood sheet

failure the grating was blown out at an average velocity of about 35 m/s.

Figure 22 shows the failure of the steel door. After bending and losing

contact with the closure fixture, the door is expelled at an average velocity
of 25 m/s. Velocities as measured from both the steel grating/plywood and the

steel door after failure are judged to create a vary dangerous debris hazard.

IV. ANALYSIS

The analysis will follow that of the design procedures specified in
Reference 4 for plywood skin stressed panels (PSSP). See Table 3 for material
properties. This method will be used for Predicting the ultimate failure of
the wood beam/plywood closures and of the steel doors. The table7 value of

allowable loads will be used for the steel grating/plywood closure.

A. Wood Beam/Plywood Closures

Closures of this type (PSSP) tend to have4 the weakest failure mode in
horizontal shear. Accordingly, the allowable total load - horizontal shear - is:

(2 (',Fvt) / (U' Qv)) (Elg/Estringer), (i)

7 "Macarco Safe Load Data-Fed Specs RRG-661a," Mc~aster-Carr Supply Co., 640
West Lake Street, Chicago, IL.
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1 iure 21. High-speed photographs grating/plywood closures.
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1 ,Iru 22. High-speed photographs - cornnerci al steel doors.

S 32



Shot 8-82-32

60 ms 90 ms

70 ms 100 ms

80 ms 110 ms

F igure 22. High-speed photographs - commercial steel doors (cont'd).
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Figure 22. High-speed photographs - commercial steel doors (cont'd).
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.:iere Pv = allowable load - horizontal shear (kPa),

(F v - allowable stress in stringer horizontal shear (655 kPa),

t - sum of stringer width (167.6 cm),

Elg M stiffness factor from Figure 23 (17.46 x 101 0 kPa-cm 4),

Eskin m modulus of elasticity for plywood skins including percentage

(10%) increase (13.64 x 106 kPa),

Estringer m modulus of elasticity for stringer including percentage

(3%) increase (12.77 x 106 kPa),Z and Z' (121.9 and 167.9 cm), and the

statical moment,

Qv m Qstringer + Qskin (Eskin/Estringer)' (2)

The terms of Qv are:

Qstrinfer = cross section of all stringers either mbove or below N.A.
times ts centroidal distance from N.A. (1653.9 cm),

Qskin = All for chosen skin times moment arm (350.9 cm3), and

E's are as before (with percentage increases) (kPa). 10% added
for Eskin and 3 % for Estringer. Q = 2028.7 cm3.

Values for plywood and stringers (2 x 4's) used in Figure 23 and Equations 1
and 2 are taken from References 8 and 9 after changing to metric units. The

value calculated for Pv is 72.42 kPa (10.5 psi) as the allowable load.

The dynamic load required to cause ultimate failure is:

Pdm = 4 Pv (1 -i ), (3)

where the ductility ratio, 1, is taken as 2, and,

Pdm = 3Pv" (4)

The predicted load to cause ultimate failure of the closure is 217.3 kPa

(31.5 psi).

8 "Design Values for Wood Construction - A Supplement to the 1977 Edition of

National Design Specification for Wood Construction," National Forest
Products Assoc., 1619 Mass. Avenue, N.W., Washington, DC 20036, April

1980.
9 "Plywood Design Specification," American Plywood Association, P.O. Box

2277, Tacoma, Washington 98401, December 1978.
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The frequency for the first mode of panel deflection is given by Equation
5 (Reference 10). The panel is assumed to act like a beam that is uniformly
loaded and loosely supported at the ends.

f = 1.56 ' (5)

where f - frequency of first mode (Hz),

= clear span of the closure (1.219 m),

E1 =EIg - flexural rigidity of panel (17.46 x 105 Pa - m 4 ), and

U w - weight/unit length of clear span (92.08 kg/m).

The frequency for the first mode is 144.6 Hz.

B. Steel Grating/Plywood Closures

-. The safe load for the steel test grating (neglecting plywood) given in
Reference 7 is 27.8 kPa (4.03 psi). The dynamic load is again calculated from
Equation 3 above with V - 10 for steel (Reference 4). Pdm equals 105.6 kPa
(15.31 psi). No frequency of vibration was calculated for the steel grating
closure.

C. Commercial Steel Doors

The steel doors tested were a flush-type with steel face plates. Some
internal stiffeners were used in the construction of the doors. See Figure 4
in Test Procedure for view of cross section.

The manufacturer of the doors did not Itst any allowable load other than
they had to meet wind load specifications. Calculations were made for the
door assuming that it would act like a stressed skinned panel. The allowable
static load for panel deflection was found from Equation 6 when loosely
supported at the long ends:

25 2  O.1S.
Pd = 1/[C U' (-84 (EIg)+ 0AG + DL (6)

10 Theodore Baumeister, Editor, Mechanical Engineers' Handbook, McGraw-Hill

Book Co., Inc., New York, NY, 1958.
'John Hancock Callender, Editor-in-Chief, Time Saver Standards; A Handbook
of Architectural Design, Fourth Editici, McGraw-Hill Book Co., Inc., New
York, NY, 1966.
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where Pd = allowable total loid-panel deflection (kPa),

C = factor - 360 for floors,

Elg stiffness factor - (5.07 x 101 0 kPa-cm4),

A = actual total cross section of braces (15.58 cm 2 ),

G = modulus of rigidity nf stringers (79.57 x 106 kPa),

= clear span of panel in direction of stringers (167.64 cm), and

= clear width of panel (109.4 cm).

The dead weight (DL) was set to zero since the doors were all tested as
upright wall panels. Pd = 21.0 kPa (3.04 psi). For steel sheets supported on
all four sides, instead of two sides, Reference 4 recommends a load factor of

*2.139 (times the load calculated for end supports only) for a span ratio
(longer to shorter) of 1.52. The calculated allowable load for support on all

four sides is 44.92 kPa (6.52 psi).

D. Support Walls

* During the present tests all closures were directly supported by and held
to a steel flange bolted to the end of the shock tube. The wall supports were

considered nonresponding. A wall support for a field shelter, on the other
hand, would probably not be generally made of solid steel such as the
shock tube flange. The purpose of this section is to look at the transferred
load from the beam/plywood closure at failure loads.

Pressures at just below failure level were about 278 kPa (40.4 pli) for
the beam panel. The area of the exposed closure was 2.043 m2 (22 ft ). The

total load on the closure was 568 kN (128,000 lb-force). Since this closure
was supported on the long sides only of the flange opening, each side received
half the load 284 kN (63,994 lb) along its length of 1.219 m (48 in.) for a
load/length of 233 kN/m (1333 w/in.)

A wall support design for a shelter closure using two sides for support
only would have to withstand these loads/length. A four sided wall support

would o course divide the total closure load still more. Conversely, any
hinges 12 would tend to concentrate the blast load on the wall supports causing

* possible breaking stresses at the hinges.

Generally, the closure should be supported around all the sides. The wall
support should not be of a cantilever design where shear or bending of the
support wall would be the failure mode. A strong wall support should result
if the support wall is designed with buttresses-type support for the upright

* type closure. This type of support wall would take advantage of the
compressional (Reference 10) strength of the wall support materials - brick,

stone, or concrete.

12 W. A. Jones, W. Johnston, and B. K. Reid, "Shock Tube and Field Trial

Evaluation of a C.E.M.O. Fiberglass Reinforced Plastic Blast Door," DRES
Suffield Technical Note No. 295, October 1972.
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V. SUMMARY AND CONCLUSIONS

The present work is a part of a program sponsored by the Federal Emergency
Ma~nagement Agency (FEMA) to upgrade existing shelters in both key and host
areas. FEMA has sponsored a research program with the Ballistic Research
Laboratory to determine the ultimate failure of a variety of closures suitable
for upgrading shelters against nuclear blast.

BRL tested a predesigned beam/plywood closure, an expedient type grating
plywood closure, and a commercial steel door. All were mounted at the end of
the BRL 2.44 m shock tube where the closures were exposed to a long-duration
(simulating large yield wave shape) blast wave. Each test closure was exposed
only on one shot. Each type of closure was loaded until the ultimate failure
of blowout occurred.

9 Table 4 summarizes the predicted and experimental values of ultimate
failure. A comparison is made of ultimate failure found experimentally with
calculated or published values of allowable safe loads for the closures. The
ultimate failure for the wood beam closure occurred at a load about four times
the predicted allowable static load. The steel grating was found to withstand
a blast load of over seven times the published safe load. The steel door was
the weakest of the closures tested, with failure at about one and a half times
the calculated allowable static load.

Both the commercial steel doors and the steel grating/plywood closures
would be suitable for host area upgrading of shelter spaces. The wood
beam/plywood closure would probably be safe for use in the key areas. The

steel grating/plywood combination, perhaps, might be strengthened until it could
beue nthe stel dorss o h. orsds(41ka . s)a oprdt

The support system is very important as was seen by the results of

end only (28.3 kPa, 4.1 psi), from tests reported in Reference 3. All the
shock tube tests used a nonresponding steel flange fixture to hold the test
samples of closures. Field installation of closures should be made such that
the support walls will not bend or shear. A buttress type or foundation wall
support should be used to advantage with sufficient support for all sides of
the shelter closures. See Reference 4.

V Future tests of possible blast shelter closures for key areas might
include fiberglass resin panels, steel truss panels, or aluminum/I-beam welded
panels.
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